A typical Natural Gas (NG) composition in South America contains ca. 86% methane, 10% ethane, 1.5% carbon dioxide, 1% nitrogen and other heavier hydrocarbons. The composition plays an important role in studies of NG storage systems since heavier alkanes may accumulate in the adsorbent bed, saturate it in long-term use and affect the storage capacity. In this study, measurements of experimental data for the adsorption equilibria of binary mixtures of CH 4 with C 2 H 6 , CO 2 , C 3 H 8 and N 2 -as obtained in a volumetric/ chromatographic set-up -are presented and compared with mathematical models for multi-component adsorption based on pure component adsorption data.
INTRODUCTION
Natural gas (NG) is generally recognised as an abundant and relatively clean fuel relative to other liquid fossil fuels. In countries like Brazil, the main NG sources are usually far from the markets, thus gas delivery is accomplished through high-pressure tanks carried via rail or motorways to the consumption centres.
One great disadvantage in Brazil is the relatively high ambient temperature (on average 28ºC), which implies that less gas can be stored at a given pressure in storage tanks. Furthermore, it is necessary to separate the considerable amounts of CO 2 injected to increase the pressure in petroleum wells.
As an alternative route to natural gas compression at high pressures, storage by adsorption (at moderate pressures) in porous media has emerged in an attempt to decrease operational costs in NG transportation to remote regions not served by gas pipelines.
Experimental and simulated data for adsorbed pure methane storage systems have been widely reported in the literature (Bastos-Neto et al. 2005a; Pupier et al. 2005; Mota et al. 1995 Vasiliev et al. 2000; Biloé et al. 2001; Chang and Talu 1996; Do and Do 2003) . Nevertheless, in some cases, such data may not provide a satisfactory representation of a real NG storage system because NG is a mixture of hydrocarbons, among which methane is the main component but also including ethane, propane, butane, heavier alkanes, nitrogen and carbon dioxide. Hence, a more precise model that describes those storage systems should consider the effects of different gas compositions on the adsorption equilibria (Pupier et al. 2005; Walton and LeVan 2006) . Pupier et al. (2005) carried out a series of measurements to evaluate the efficiency loss in the long-term use of an NG storage system. They found a 50% decrease in the bed efficiency after 700 cycles. Walton and LeVan (2006) studied not only the composition effects on the performance of storage systems, but also the influence of thermal effects. They concluded that the worst storage performance arose from NG adiabatic cycles while pure methane/isothermal cycles result in the best storage performance.
The main objective of the present work was to measure single-component and binary mixture adsorption isotherms on activated carbon in order to assess the adsorption selectivity of NG constituents in model mixtures that mimic NG compositions. Selected equilibrium models for multi-component adsorption are compared to experimental data.
THEORY

Models for pure component adsorption
Langmuir and O'Brien-Myers models have been used to fit pure component data and, from regression procedures, the respective parameters obtained both for further comparison and to evaluate multi-component adsorption (Do 1998) .
Models for multi-component adsorption
Extended Langmuir (EL)
The Langmuir theory for a single component may be extended to multi-component adsorption employing the same assumptions (Ahmadpour et al. 1998) . Although the advantage of this model is its mathematical simplicity, it fails to fit the experimental data well for multi-layer adsorption and high coverage (Dreisbach et al. 1999) . The amount adsorbed by component i can be written as:
(1)
Ideal Adsorbed Solution Theory (IAST)
This model (Myers and Prausnitz 1965) has been extensively used for multi-component equilibrium adsorption. It does not require data from mixtures and is thermodynamically coherent. The application of IAST requires the calculation of an integral equation to obtain the reduced spreading pressure. Binary data were evaluated by a procedure described by Do (1998) , using the single-component parameter set fitted with the Langmuir model.
EXPERIMENTAL
Pure and binary adsorption equilibria of CH 4 , C 2 H 6 , CO 2 , C 3 H 8 and N 2 onto activated carbon WV1050 (Mead Westvaco, Glen Allen, VA, U.S.A.) were measured at 30ºC. Amongst other samples, this activated carbon was chosen due to its favourable results reported in previous publications (Bastos-Neto et al. 2005a; Amora Jr. et al. 2008) . The main textural properties of the carbon sample are summarised in Table 1 .
Since the studied gases are either supercritical at 30ºC or have a distinct saturation pressure, experiments for pure gases were performed up to absolute pressures of 60, 32, 7, 37 and 35 bar for methane, ethane, propane, carbon dioxide and nitrogen, respectively. The experiments with binary mixtures were all carried out at a total equilibrium pressure of ca. 35 bar, which is about the target pressure for natural gas storage. The studied mixtures were CH 4 /C 2 H 6 , CH 4 /C 3 H 8 , CH 4 /CO 2 and CH 4 /N 2 , and for each of them three different methane molar fractions were examined, ranging from ca. 0.85-0.95, i.e. values corresponding to the usual concentration in natural gas.
Sample preparation
It is not possible to measure the mass loss during sample preparation in a volumetric apparatus. For this reason, such measurements were made with the help of a gravimetric apparatus.
The adsorbent WV1050 (weight range, 120-150 g) was regenerated at 140ºC (1ºC/min) under vacuum (10 -4 Torr) for 5 h.
Pure component data
The adsorption isotherms of pure components were measured gravimetrically using a highprecision magnetic suspension balance (Rubotherm, Bochum, Germany). After sample preparation, the temperature was set at 30ºC and pure gas was introduced into the sample cell up to a given pressure. Each assigned pressure corresponded to an experimental equilibrium point. Mathematical methods for the manipulation of the weight increase data in order to obtain excess adsorption isotherms have been described elsewhere (Dreisbach 1998; Dreisbach et al. 2002; Staudt et al. 1997; Do and Do 2003; Bastos-Neto et al. 2005b) .
Binary data
Adsorption equilibrium data for binary mixtures were measured in a volumetric device as shown in Figure 1 . This consisted basically of two vessels with a known volume (V 1 ) which were used to store a specific amount of the gas (or gases), connected to the adsorption chamber, of volume V 2 , containing the adsorbent material under study (volume V S ). The whole system was interconnected with tubing and valves that allowed for the desired gas flow to be achieved with the aid of a circulation pump, thereby ensuring a homogeneous gas phase composition and a rapid attainment of equilibrium. The temperature and pressure were monitored via sensors whose characteristics are summarised in Table 2 . All internal volumes were precisely determined prior to adsorption experiments with helium. The density measurement for pure gases and gas mixtures is dependent on the pressure and temperature by means of an appropriate equation of state (as obtained from NIST Mixture Property Database).
First, the whole system was evacuated and the adsorbent was regenerated. After that, the temperature was set at 30 o C and controlled by a thermostat bath. Once thermal equilibrium had been attained, one of the vessels was filled with one gas (mixture component) up to a given pressure. This vessel was then isolated (in/out valves closed) so that the other parts of the system could be evacuated once again. The same procedure was carried out with the other vessel using the other gas of the studied mixture. At the end of this step, each mixture component was separately stored in its vessel and the system, excluding the vessels, remained under vacuum. It is important to note that each pressure initially used in each container was previously calculated based on an estimation of the total amount adsorbed as predicted by the Extended Langmuir model for mixtures, using the single-component data for a given temperature and volume with the aid of an equation of state.
The valves were opened so that both gases were mixed and expanded to the whole system volume, including the adsorption chamber. A circulation pump was used to allow mixing so as to ensure a homogeneous fluid phase concentration and the rapid attainment of equilibrium. Adsorption equilibrium corresponded to the situation when no temperature and pressure variations were detected. At this point, the adsorption chamber was isolated and gas samples were taken to be analysed in a gas chromatograph.
RESULTS AND DISCUSSION
The emphasis of the work reported was on the experimental determination of partial loadings from measurements of the adsorption of a binary mixture employing a volumetric/chromatographic method following the guidelines reported by Talu (1998) . The partial loadings were determined directly through mass balance from an analysis of the composition of the gas mixture before and after adsorption equilibrium. The isotherms of pure gases provide important information for the investigation of the adsorption equilibria of gaseous mixtures. The adsorption equilibria of the pure gases CH 4 , C 2 H 6 , CO 2 , C 3 H 8 and N 2 onto activated carbon WV1050 were measured at 30ºC up to a maximum pressure of 60 bar. They are presented in Figure 2 , with the data relating to the experimental points being listed in Table 3 . It may be seen from the recorded data that nitrogen exhibited the lowest adsorbed excess; thus, an increase in its concentration in NG would be likely to reduce the total amount of gas adsorbed. Propane was strongly adsorbed, but its concentration in NG is normally very low. Carbon dioxide and ethane showed similar isotherms at 30ºC for pressure conditions below 10 bar. Above this 328
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x pressure, carbon dioxide plays a major role in the total amount adsorbed. In long-term use, CO 2 can lead to de-activation since it can be found in higher concentration levels in NG, depending on its source. The heavier hydrocarbons can also saturate the adsorbent system during long-term use (cycles), but they can be used as a fuel in contrast to carbon dioxide. This fact is relatively important in studies of systems for NG storage. A set of parameters was estimated from each isotherm according to the models of Langmuir [equation (2)] and O'Brien-Myers [equation (3)]. The parameters obtained from the Langmuir model for the pure component data were used to evaluate the binary adsorption equilibria and are listed in Table 4 .
(2)
(3)
The phase diagrams for the binary mixtures over a concentration range similar to that usually found in NG are plotted in Figure 3 , with the corresponding experimental data being listed in Table 5 . The data are plotted in terms of methane molar fractions (x CH 4 for the adsorbed phase; y CH 4 for the gaseous phase). The experimental total pressures used were not exactly the same for each system; however, an average value has been used for model calculations.
Both models provided a qualitative description of the experimental data. In general, however, the IAST model matched the experimental points better than the Extended Langmuir model, other than for the CH 4 /N 2 mixture. The Extended Langmuir model is based on the assumption of an ideal mixture with no competition for the adsorption sites. This should be the case for the CH 4 /N 2 mixture, where both gases were the least adsorbed amongst those studied. Further data on the binary adsorption of NG components in activated carbon can be found elsewhere in several publications: CO 2 /CH 4 (Ahmadpour et al. 1998; Dreisbach 1999; Goetz et al. 2006; Buss 1995; Ustinov et al. 2004) ; N 2 /CH 4 (Dreisbach et al. 1999; Ustinov et al. 2004) ; C 2 H 6 /CH 4 (Ahmadpour et al. 1998; Costa et al. 1989 ); and C 3 H 8 /CH 4 (Ahmadpour et al. 1998) . The relative selectivities obtained in the present study gave a qualitative match with those reported in these references.
CONCLUSIONS
Adsorption equilibrium data on commercial activated carbon (AC) for pure gases (obtained gravimetrically) and binary mixtures prepared from these (obtained volumetrically) are reported in this work. The obtained results were compared with predictions from classical models for multi-component adsorption that use pure component data parameters. As expected, the heavier NG components were more strongly adsorbed in the AC sample, which caused methane to be proportionally less adsorbed. The composition of the mixture affected the total amount adsorbed, especially for methane fractions above 80% which correspond approximately to natural gas compositions.
Both the Extended Langmuir and IAST models showed qualitatively good results in predicting multi-component adsorption. The IAST model gave a better fit of the experimental results for mixtures of methane with more strongly adsorbed components, whereas the Extended Langmuir model was more accurate for the methane/nitrogen mixture.
